demonstrated that sexual outcrossing seems to be possible between all wild isolates to a greater or lesser extent, regardless of heterokaryon incompatibility. Jinks et al. (1966) found, however, evidence of reduced vigour in growth rate (presumably a fitness character) amongst the progeny of crosses between heterokaryon incompatible parents and expressed a doubt as to whether such progeny would be able to establish themselves in the natural environment in competition with their more vigorous parents.
It is the purpose of the work described in this paper to investigate more fully the comparative vigour of parents and progeny and to relate this to variation in genotype. Two approaches have been adopted. Firstly, a crossing experiment designed to provide estimates of additive and nonadditive variation in wild populations, and, secondly, data has been collected from a wide range of unrelated crosses and the relative performances of parents and their progenies compared.
MATERIALS AND METHODS (i) Crossing technique
The technique employed is that previously described by Butcher (1968) .
Matings were made by incubating mixed cultures of the two parents, obtained by spreading a mixed conidial suspension over the surface of a plate of minimal medium. Several perithecia were sampled from areas of the culture where conidial heads of both parental types were well intermingled, * Present address: Sub-department of Genetics, The Queen's University of Belfast, David Keir Building, Belfast 9, N. Ireland. 2R2 621 cleaned by rolling over an agar surface and squashed, thereby liberating a pool of ascospores. A sample of ascospores from each perithecium was spread over the surface of a clean plate and incubated. As all crosses were between one parent with green (wild type) conidia and one parent with yellow or white conidia, the progeny from a perithecium of hybrid origin could be instantly recognised. Samples of the individual colonies resulting from the germination of ascospores from such a perithecium were taken at random. In any one cross all the ten progeny sampled were taken from a single perithecium.
(ii) Growth rate determinations
The growth rate measurements were made using standard, 85 mm. diameter, flat bottomed petri dishes containing 20 ml. of minimal agar.
All incubations were carried out at 25° C. The character measured was linear growth rate across the surface of the plate as represented by the increase in diameter of a colony resulting from a point inoculation at the centre of the plate. Four days' incubation was allowed for germination to occur and for each colony to enter the linear phase of growth. Two extended diameters were then drawn in indian ink at right angles on the base of the plate. The position of the growing edge of the colony was marked along each diameter using a lamp, shining from behind the plate, to illuminate the growing edge. The plates were then reincubated for three days and the new positions of the growing edge marked along each diameter. The sum of the increased in the two diameters over the three day period was taken as a measure of growth rate for the purposes of analysis.
All plates were incubated in a randomised block design. The progeny and parents in any one experiment being represented by a single colony in each of two or three blocks.
(iii) Choice of isolates and crossing programme Four wild isolates were used in the crossing experiment, one belonging to h-c group A and one to h-c group B from each of two different geographical locations (see table 1 ). In addition a U.V. induced derivative strain of each isolate having either yellow (y) or white (w) conidia was used in order to facilitate the recognition of hybrid perithecia. A 4 x 4 set of diallel crosses was produced by making all possible crosses between green (wild type) and yellow or white spored strains. Hayman (Hayman, 1954) is applied it is possible to obtain estimates of both additive and non-additive variation between crosses. Two separate 2 x 2 diallel tables can be obtained by summing firstly over h-c groups and secondly over sources of isolates, which allow estimates of additive and non-additive variation between h-c groups, between sources and within h-c groups within sources.
RESULTS (i) Diallel cross
The results of the crosses are summarised in table 2 as the mean increase in diameter per day after summing over blocks. Also given in this table are the overall means of the four types of crosses. The means of both the L-and 0-type crosses are lower than the mean of the GL-type which is in turn slightly lower than that of the G-type crosses. These results are in general accord with the findings of Jinks et al. (1966) . The analysis of variance adopted tests whether or not these differences are significant and have any genetic basis. It should be noted that A. nidulans is a haploid organism and that the diallel was constructed on the basis of the conidial colour of the parents and not on the basis of their sex. As a result the individual items in the analysis have different meanings from those of the conventional diallel analysis. Although items " a" and " b " still test additive and non-additive variation respectively, dominance effects are not included in the latter, as they cannot occur in the haploid system. Items "c" and " d" both test the effects of incorporating conidial colour markers into wild genotypes. They have been pooled to give a single "c+d" item which tests reciprocal effects arising from the spore colour difference. It is therefore regarded as an additional error item. Table 3 is a summary of the significant items in the full analysis. All of the variation between crosses is attributable to differences between h-c groups and between sources, but not to reciprocal effects, and as such is due solely to genetically meaningful effects.
Additive variation results from heritable differences in the rate of growth between the parental isolates. Significant additive variation between h-c groups means that there are genetic differences between the isolates belonging to the different groups. Similarly, significant variation between sources means that there are genetic differences between the isolates collected from different locations.
It is non-additive variation, however, which is of most interest in the present study. As dominance is "ruled out" all of the non-additive variation must be due to interactions between non-allelic genes. Such interactions in the GL-and G-type crosses should show up as one of the within h-c group" b "items. Neither is, in fact, significant. There is, therefore, no evidence of non-allelic interactions between heterokaryon compatible parents. There is, however, significant non-additive variation between h-c groups and thus non-allelic interactions occur in the L-and 0-type crosses, i.e. in crosses between heterokaryon incompatible parents. Table 3 contains estimates of the variance components for each of the significant items calculated by the formulae of Wearden (1964) for a model involving reciprocal effects and random sampling. These estimates clearly show that most of the variation encountered is due to differences between progeny within crosses. This is to be expected from the design of the experiment. Of the variation between crosses, most can be attributed to nonallelic interactions in crosses between h-c groups. Indeed, nearly five times as much variation is due to this cause as is due to additive differences in the growth rates of the two h-c groups. Genetic differences between isolates from different sources account for less than 2 per cent, of the total variation; less than that accounted for by the single significant block interaction. The significance of this latter item is probably fortuitous and it has no genetical importance.
It is clear, therefore, that non-allelic interactions are of marked importance in determining the growth rates of progeny from crosses between heterokaryon compatible individuals. That these interactions result in a net increase in growth rate has already been demonstrated by the overall means of the four types of crosses (table 2) .
(ii) Unrelated crosses
To complement the data on the occurrence of non-allelic interactions in the diallel set of crosses, data was collected from a number of crosses between pairs of wild isolates which were not necessarily related in origin or h-c grouping. The criterion for the selection of these crosses was the availability of relevant information. The six crosses described by Jinks et al. (1966) are The basic aim in considering these data is to investigate any possible relationships between genetic differences between parents and the occurrence of non-allelic interactions. The manifestation of such non-allelic interactions is measured by the difference between the mean growth rate of the parents and the mean growth rate of their progeny ([i] , see section (iii) below).
Genetic differences between the parents are expressed in the degree of genetic variation amongst the progeny (4).
Mean growth rates of parents and progeny, and estimates of 4 and U]
for each of the crosses, are given in table 4. Second, the regression can be used to test whether or not the apparent presence of negative non-allelic interactions in some crosses has any real significance. This can be achieved by testing whether or not the value of From results now at hand it seems clear that the breakdown of positive non-allelic interactions, resulting in reduced mean growth rate, is a common feature amongst sexual outcrosses between dissimilar wild isolates of A. nidulans and that the magnitude of this reduction is dependent upon the degree of difference between the genotypes of the parents. Thus the more dissimilar the parents, the greater is the extent of interaction breakdown and the less vigorous are the progeny. Although individual crosses were found where the progeny appeared to be more vigorous than their parents, particularly where the latter were heterokaryon compatible, no statistical evidence of significant negative non-allelic interactions could be found. On the other hand, the breakdown of positive non-allelic interactions was not particularly evident in crosses between relatively similar parents. It appears, from the results obtained, that a fair degree of divergence between parents is necessary before the absence of non-allelic interactions has any noticeable effect upon progeny vigour. If growth rate is assumed to be a fitness character, high growth rate can be considered to confer a selective advantage and thus the breakdown of non-allelic interactions causing a reduction in growth rate would presumably act as an isolating mechanism. It can be expected, therefore, that successful sexual outcrossing will only occur between genetically similar parents where such interactions will have very little effect.
In the absence of negative interactions a model of the type proposed by Simchen (1966) could explain the origin and nature of positive interactions. A situation is envisaged in which all individuals start from a common gene pooi controlling growth rate. From this initial point, evolution occurs along several independent lines through the selection of mutations which increase growth rate by modifying the existing gene system. Thus the expression of each new mutation is dependent upon the genes already present. In this way many different polygenic systems can be built up. It is clear that if genetic reassortment occurs between any two of these systems, individual genes will be acting against genetic backgrounds different from those to which they are adapted, and will be unable to express themselves in their normal manner. The ultimate result of this will be a growth rate lower than the mean growth rate of the two parents. It also follows that the greater the divergence between the two parental systems the more drastic will be the effects of the absence of interactions on the progeny. This model clearly fits the experimental results obtained.
The model also supposes independent, divergent evolution which in turn requires some form of isolation. One of the suppositions of the model is that, initially, all individuals had a common gene pool controlling growth rate and were, therefore, not genetically isolated. The isolation therefore must, at least initially, have been physical in nature. Physical isolation can take many forms but in the present case one type, i.e. geographical isolation, can be ruled out since Grindle (personal communication) has shown an apparently sympatric distribution of h-c groups throughout England and Wales.
When considering soil-borne micro-organisms, however, gross geographical differences have virtually no significance in comparison with the vast environmental variation found over very small distances within the soil.
Unfortunately the records pertaining to the origins of the wild isolates of A. nidalans are not detailed enough for conclusions to be drawn on distributions in relation to micro-environment and it may well be that different genotypes are isolated by adaption to different environmental conditions. Extrapolation from experimental results obtained under laboratory conditions to any hypothesis about relationships in the natural environment is always speculative. Such extrapolation is particularly hazardous in the present case since it is not known whether sexual crossing and heterokaryosis do or do not occur in the soil. Indeed the stage of the life cycle in which the flingus usually exists in the soil is not as yet known. For this reason it is hard to argue cause and effect relationships with any degree of certainty.
Two types of barrier to free genetic exchange have now been demonstrated to occur amongst wild isolates of A. nidulans under laboratory conditions. The first prevents successful heterokaryosis, and thus parasexual recombination, and the second prevents successful sexual outcrossing. These two systems have several characteristics in common. First, both prevent genetic exchange between genetically dissimilar individuals while allowing exchange between genetically similar individuals, and therefore both favour inbreeding. Second, both types of barrier allow the initial exchange process to occur, i.e. hyphal anastomosis does appear to take place between heterokaryon incompatible isolates and sexual outcrossing resulting in viable progeny can occur between dissimilar individuals. Third, the barrier to sexual recombination acts through a selective disadvantage of the recombinant progeny, and it is possible that the barrier to heterokaryosis is also due to a selective disadvantage of; in this case, the heterokaryotic association. If this is so, then there is no evidence that the two barriers are not caused by the same interactions. A. nidulan.s is not unique in having parallel systems restricting genetic exchange. Esser (1965) has shown, for example, that in another basically inbreeding ascomycete, Podospora anserina, there is a heterogenic sexual incompatibility system which also causes vegetative incompatibility. In this fungus the same four pairs of allelomorphs determine both heterokaryosis and sexual mating ability.
In situations such as these, it is reasonable to assume that inbreeding has distinct advangages over outbreeding and that the barriers to genetic exchange probably serve to maintain adaptive genotypes. With this assumption in mind, it might well be concluded that recent work (Butcher, 1968) ,
showing that the rate of sexual outcrossing amongst wild isolates of A. nidulans varies according to the genotypes involved, indicates a possible evolutionary trend towards loss of sexual power. Especially as many Aspergilli closely related to A. nidulans have no functional sexual stage.
5. SUMMARY 1. A 4 x 4 diallel crossing programme involving four wild isolates of A. nidulans from two h-c groups and from two remote soil samples was carried out. Growth rate determinations were made on the parents and progeny of the 16 crosses.
2. Non-additive variation due to the loss of positive non-allelic interactions was found in crosses between heterokaryon incompatible isolates, but only additive variation in crosses between heterokaryon compatible isolates.
3. Growth rate data from seventeen unrelated crosses between wild isolates are considered, and a positive correlation between non-allelic interaction and genetic differences between parents demonstrated. 4. A model for the origin and nature of the non-allelic interactions is discussed, together with the probable effects of these interactions on genetic exchange.
5. Comparisons are drawn between the barriers to genetic exchange caused by heterokaryon incompatibility and non-allelic interactions in sexual outcrosses.
